Objective: This study analyzes the cost-effectiveness of culture-based treatment (CBT) versus empirical treatment (ET) as a guide to antibiotic selection and use in hospitalized patients with community-acquired pneumonia (CAP). Patients and methods: A model was developed from the individual patient data of adults with CAP hospitalized at an academic hospital in Indonesia between 2014 and 2017 (ICD-10 J.18x). The directed antibiotic was assessed based on microbiological culture results in terms of the impact on hospital costs and life expectancy (LE). We conducted subgroup analyses for implementing CBT and ET in adults under 60 years, elderly patients (≥ 60 years), moderatesevere CAP (PSI class III-V) cases, and ICU patients. The model was designed with a lifetime horizon and adjusted patients' ages to the average LE of the Indonesian population with a 3% discount each for cost and LE. We applied a sensitivity analyses on 1,000 simulation cohorts to examine the economic acceptability of CBT in practice. Willingness to pay (WTP) was defined as 1 or 3 times the Indonesian GDP per capita (US$ 3,570). Results: CBT would effectively increase the patients' LE and be cost-saving (dominant) as well. The ET group's hospitalization cost had the greatest influence on economic outcomes. Subgroup analyses showed that CBT's dominance remained for Indonesian patients aged under 60 years or older, patients with moderate-severe CAP, and patients in the ICU. Acceptability rates of CBT over ET were 74.9% for 1xWTP and 82.8% for 3xWTP in the base case. Conclusion: Both sputum and blood cultures provide advantages for cost-saving and LE gains for hospitalized patients with CAP. CBT is cost-effective in patients all ages, PSI class III or above patients, and ICU patients.
Introduction
Community-acquired pneumonia (CAP) is an infectious disease with a clinical severity ranging from mild to life-threatening. CAP has high mortality rates and is costly to treat. 1 In the US in 2012, the total direct medical costs related to CAP were estimated at US$ 7,220 to US$ 11,443. 2 In European countries, the cost was estimated to be between €1,201 and €1,586 per patient. These high costs have been partially attributed to multiple antibiotic resistance. 3 Established international guidelines of the British Thoracic Society (BTS), American Thoracic Society (ATS), and National Institute for Health and Care Excellence (NICE) concur that empirical treatment of CAP with antibiotics is urgent considering the elevated mortality rates, the culture timing, and unspecified results from clinical and radiology methods for determining bacterial infections. [4] [5] [6] Additionally, abstaining from microbiological evaluation in clinical practices for empirical treatment of CAP patients potentially leads to antibiotic resistance and overuse, which indirectly contributes to hospitalization costs. [7] [8] [9] At present, the implementation of rapid, advanced molecular microbiology methods for CAP diagnostics has largely been developed. 10 The extended use of these promising novel approaches, however, remains unavailable and costly in low-middle income countries (LMICs), which carry higher burdens of the disease. Controversies surrounding the recommendation for the use of microbiology tests in mild-moderate hospitalized cases and outpatient CAP management have been described by previous research since clinical improvement could be achieved by empirical antibiotics alone. 11, 12 The evaluation of sputum cultures from respiratory samples is recommended for inpatient CAP treatment, aiming to select appropriate antibiotics and prevent further antibiotic resistance. 4, 6, 13 When immediately employed, early directed therapy after evaluating culture results is an essential strategy to prevent high rates of antibiotic resistance. The implementation of culture analysis in developing countries with a high prevalence of CAP, such as Indonesia, should be considered alongside the assessment of culture analysis impact on costs and patient life expectancy (LE). Since 2014, Indonesia has employed a new universal health coverage program, which the health ministry contracted to a single public insurance company (Badan Penyelenggara Jaminan Sosial or BPJS). The universal health coverage also involves the implementation of a national social security system in managing expenditure related to reimbursement and costing in the national healthcare system, inclusive of cost-effectiveness considerations. Hitherto, the lack of evidence for cost-effectiveness has hampered the implementation of culture analysis as a diagnostic tool guiding the management of CAP. Therefore, the culture analysis approach has rarely been adopted in hospitals or in communities. Considering the current limitations of the evidence regarding the value of culture analysis prior to empirical-based antibiotic administration in CAP patients, we performed a cost-effectiveness analyses on the implementation of culture-based treatment (CBT) compared to empirical treatment only (ET) in hospitalized CAP patients.
Materials And Methods

Decision-Tree Model Overview
A decision-tree model was designed from individual patient data of hospitalized CAP patients in Indonesia. The model is shown in Figure 1 . We built the model based on a payer perspective. The decision-tree compared two options: i) patients with empirical antibiotic treatment (ET) during hospitalization and ii) patients with CBT for whom medications were adjusted based on microbiological evaluation in terms of the culture and antimicrobial susceptibility tests. The culture analysis was conducted on samples from respiratory tracts (sputum) and blood draws. One package was produced for positive cultures demonstrating antimicrobial susceptibility after identification of the microorganisms. We assumed that the level of competencies and advances of the laboratory staff were equal in handling the specimens and reporting the results. The CBT group were treated with empirical antibiotics based on the Indonesian guidelines at 24 hrs post-admission. Thereafter, culture results were provided, and the patients were treated with the directed therapy involving a second round of antibiotics. 14 The second round of antibiotics could be different from the previous empirical treatment (antibiotic change or AC) or be the same as (no antibiotic change or NC). We included in the AC group patients with negative cultures with no microorganism growth, for whom the physicians subsequently stopped the use of antibiotics. In the ET group, we assumed that the treatment using antibiotics was empirical during hospitalization. The termination states of the decision-tree for both CBT and ET were presented as recovery or death. Patients with no sputum available for culture tests were assumed to undergo empirical therapy during hospitalization, and we included such patients in the ET group. As there was no specific indication to the physician examining the culture of 15 We included hospitalized CAP cases that had both blood and sputum culture with a pneumonia severity index (PSI) class from I to V. We input data of patients whose average age was 57.6 years (min-max: 19-91 years); they were predominantly males (78.3%). We performed subgroup analyses for the implementation of CBT on patients under 60 and aged ≥60, PSI class III and above, and in the intensive care unit (ICU). We defined the age of 60 as the breakpoint for the aging population in Indonesia, according to the United Nations Population Fund (UNFPA 2014). 16 We addressed PSI class III in subgroup analyses since this cutoff increases the risk of 30-day mortality by ten times compared to class II. 17 
Calculation Of The Outcomes
We assessed the LE outcome in our model by adjusting the patients' ages to the average LE for the Indonesian population between 2010 and 2015 using data provided by the United Nations Department of Economic and Social Affairs, Population Division, 2017. 18 The average LE for each group of these ages for men and women is separately presented in Figure 2 . The model-time horizon was the lifetime where recovery patients would have LE greater than their ages. Considering the discount rate launched by the Health Ministry of Indonesia, we applied a 3% discount each for costs and LE. 19 Hospitalization costs were valued in US$ with 2016 adjustments. The conversion rate to an Indonesia Rupiah (IDR) was equal to US$ 13,308.33 according to the Organization for Economic Cooperation and Development (OECD). 20 The costs from data were formulated as C, which is calculated from the average of the individual cost of administration (Ca), pharmacy costs (Cp), laboratory and radiology (Cl) expenses, cost of bed (Cb), and medical staff costs (Cm). The incremental cost-effectiveness ratio (ICER) in terms of total hospitalization costs and LE was calculated with the following Formula 1 below. Notably, in case the numerator was negative (cost-saving), and the denominator was positive (improving LE), then the ICER indicated dominant.
Formula 1 Incremental cost-effectiveness ratio (ICER) calculation based on Ca, Cp, Cl, Cb, and Cm effectiveness threshold of gross domestic product (GDP) per capita. If the ICER is between 1 and 3 times the GDP per capita, then the intervention is cost-effective. 21 This definition was also applied in a previous study which was performed in Indonesia. 22 For these thresholds, we applied the Indonesian GDP per capita in 2016 at US$ 3,570. 23 
Sensitivity Analyses
We performed one-way tornado sensitivity analyses using TreeAge Pro 2019 to address the robustness of the model ICERs on the changes of the upper and lower limits of the parameter values. The parameters included in the test were costs and the probability of death being averted. The outcome of LE was conclusive as it was based on the data presented by WHO for the Indonesian population. 18 We also conducted random probabilistic sensitivity analyses using a Monte Carlo simulation with 1,000 random cohorts on the respective corresponding distributions. We addressed a cost-effectiveness acceptability curve to draw relationships between ICER and the Indonesian affordability threshold. Indeed a relationship between the probabilistic sensitivity analysis (PSA) and univariate analysis exists in terms of input. Notably, we used the range for the input in the PSA and in the univariate analysis.
Results
Baseline Characteristic Of The Patients
Concerning the change of antibiotics after culture analysis among patients in the CBT group, we determined that the AC and NC probabilities were 55.8% and 44.2%, respectively. The probability of antibiotic changes was based on microbiological evaluations and was not influenced by age or severity. This was subsequently analyzed with beta distributions. Patients' baseline characteristics of the patients and the probabilities of antibiotic changes and deaths being averted in the AC, NC, and ET groups are presented in Table 2 .
Cost-Effectiveness Analyses
The results of cost-effectiveness analyses are shown in 
Univariate And Probabilistic Sensitivity Analyses
Hospitalization costs for the ET group are shown on the top of the Tornado diagrams (Figure 3) , which indicate that they had the strongest effect on the ICERs out of all parameters. When hospitalization costs for the ET group increased, the ICERs decrease. In contrast, when 
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hospitalization costs for AC and NC groups (CBT) increased, the ICERs correspondingly increased. The parameters of death averted in the CBT and ET groups were only slightly influential on ICER calculations, especially in patients with moderate-severe CAP (PSI class III-V). Tornado diagram evaluation is also provided in calculation results in Supplementary Table S1 . The results of probabilistic sensitivity analyses on ICER values with 1,000 cohorts (Monte-Carlo simulations) between CBT and ET are shown in Figure 4 . Correspondingly, Figure 5 shows the acceptability probabilities at varying WTP levels. In all cases, the probabilities of cost-effectiveness acceptability in 1xWTP and 3xWTP were 75% and 83%, respectively. In the subgroup analyses of patients all ages with moderate to severe CAP (PSI class ≥ III), and in the ICU, CBT would be a costeffective or even cost-saving approach compared to 1xGDP per capita (US$ 3,570). CBT for patients 60 years or older represented the most cost-effective option, with acceptability values between 81% for 1xWTP and 89% for 3xWTP. The results of calculations of Monte-Carlo simulations and cost-effectiveness acceptability are available in Supplementary Table S2 and S3, respectively.
Discussion
Our findings demonstrate that treatment based on the evaluation of cultures followed by antimicrobial susceptibility testing (CBT) has advantages in terms of both cost and LE for CAP patients. CBT was dominant, not exceeding the GDP threshold in terms of cost-effectiveness (three times GDP) and even being cost-saving. Therefore, this method can reasonably be implemented for adults in general hospitals in Indonesia. Without culture analysis, treatments for CAP are more expensive and result in lost life-years, particularly for geriatric patient cases and high-severity classes of patients. [24] [25] [26] [27] [28] Notably, the incidence of CAP among elderly people is high since they frequently present with pre-existing immunosuppressive conditions and comorbid conditions. 29, 30 According to ATS/BTS, the severity of CAP infection among males was higher than females. 31 This is the reason that males need hospitalization more than females, as reflected in the input data for our study. Also, some previous prospective studies demonstrated this issue. [31] [32] [33] In non-ICU hospitalization, culture analysis is one of the procedures recommended by the Infectious Diseases Society of America (IDSA) and ATS to guide antibiotic use for CAP patients. 4 The implementation of the guidelines with the threshold of US$ 100,000/QALY (qualityadjusted life years) leads to cost-savings of US$ 799 to US $ 1,379 per patient and improved quality of life, particularly in elderly people. 34 In the ICU, it is essential to considered CBT implementation since the use of antibiotic is costly. A previous study conducted in an LMIC reported DovePress that antibiotic utilization for CAP patients in ICU was determined as the highest proportion (38%) of total hospitalization costs. 35 The assessment of severity using the PSI score resulted in higher sensitivity of sputum culture analyses. Gram staining and sputum culture procedures are very useful for inpatient treatment plans and ICU patients, guiding CAP diagnosis and antimicrobial selection. 36 The organisms from the microbiological culture are more likely to accurately represent respiratory tract pathogens in CAP patients. 37 Furthermore, the implementation of blood and sputum culture analysis should be considered in patients with moderate and severe CAP with poor clinical prognosis and who are considerably susceptible to bacteremia. 38, 39 Culture analysis is part of diagnostic stewardship that supports antimicrobial identification and infection prevention programs. CBT should be part of such integrated management within a theragnostic approach, involving multi-disciplines, and leading personalized management, improvement of prescriptions for treatment, improved clinical outcomes, and decreasing costs. 40, 41 An issue of concern is the potential contamination of biological specimens. Contaminated blood and sputum cultures could extend costs and have adverse effects. 42, 43 The role of the clinical microbiologist is critical at this point for screening assessments of the quality of the sample. Recently, several advanced methods to reduce contaminations have been developed, such as matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) and multiplex nucleic acid amplification test (NAAT). 44, 45 However, these methods are costly.
To our knowledge, this study is the first cost-effectiveness analysis for culture analysis in CAP patients considering real-world data and the impact of the effect of culture analysis in terms of changes in antibiotic treatments, particularly in an LMIC setting. The utility impact was accounted for the overall population as well as relevant subgroups of patients aged ≥ 60, with PSI class ≥ III and in the ICU. This approach provided the necessary level of granularity. However, this study has some limitations. First, community data from primary healthcare was not available. There is a lack of sample data related to CAP in the community since facilities for clinical diagnostics and bacterial identification remain unavailable, and these are not routine procedures, especially in remote areas. In clinical practice, we assumed randomness in the decision to do ET or CBT, as confirmed by the clinicians. However, we could not exclude that in some specific cases some aspect, may still have influential this decision and so probably introducing some bias in our analysis. Second, this study used a retrospective dataset; patients with incomplete data related to ICER outcomes could not be analyzed. In further investigations comparing the effects of treatments, randomized controlled clinical trials are necessary to obtain additional results. As such, our study can be considered as hypothesis generating rather than providing final evidence. Lastly, we did not include costs associated with the side effects of the treatments in the present research. Common undesirable side effects of antibiotic treatment, such as diarrhea, Clostridium difficile infections, and allergic reactions can extend the length of hospitalization and increase costs. 46 
Conclusion
In conclusion, CAP patients undergoing treatments based on culture analyses (CBT) were estimated to receive benefits in terms of cost-savings and increased LE than those with empirical treatment (ET) during their hospitalization; CBT was labeled dominant compared to ET. Notably, the implementation of CBT provides considerable advantages for patients all ages as well as for higher severity classes. Most notably in severe CAP cases, cultures can adequately guide antibiotic selection for patients with PSI class III or above or who are hospitalized in ICUs.
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